The cGMP-gated cation channel meiting visual transduction in retinal rods was recently found to comprise at least two subunIts, 1 and 2 (or a and 3). SDS gels of the purifled channel show, In addition to a 63-kDa protein band (subunit 1), a 240-kDa protein band that binds Ca2+-calmodulin, a modulator of the channel. To examine any connection between subunit 2 and the 240-kDa protein, cGMPgated channels formed from the expressed cloned subunits in human embryonic kidney (HEK) 293 cells were tested for Ca2+-calmodulin effect. Homooligomeric channels formed by subunit 1 alone showed no sensitivity to Ca2+-caodulin, and neither did heterooligomeric channels formed by subunit 1 and the short alternatively spliced form of subunit 2 (2a). By contrast, the cGMP half-activation constant (K112) for heterooligomeric channels formed from subunit 1 and the long form of subunit 2 (2b) was increased 1.5-to 2-fold by Ca2+-calmodulin, similar to the increa observed for the native channel. In Western blots of rod outer segment membranes, a subunit 2-specific antibody also recognized the 240-kDa protein. Finally, amino acid sequences derived from peptide faments of the bovine 240-kDa protein showed 80% identity to regions ofsubunit 2b ofthe human channel. These results together suggest that subunit 2b of the rod channel is a component of the 240-kDa protein and that it mediates the Ca2+-calmodulin modulation of the channel.
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Vertebrate rod photoreceptors respond to light with a membrane hyperpolarization, produced by a G protein-linked enzyme cascade that leads to cGMP hydrolysis and the consequent closure of a cGMP-gated cation channel open in darkness (1) (2) (3) (4) . This ion channel has been extensively studied both electrophysiologically and biochemically (1, 5, 6) . Furthermore, a 63-kDa protein capable of forming such cGMPgated channels has been purified from rod outer segments and molecularly cloned (7) (8) (9) . In an SDS gel of the purified native channel, two protein bands are prominent: the 63-kDa protein and a 240-kDa protein (7, 10, 11) . Recently, Ca2+-calmodulin has also been shown to lower the apparent affinity of the native channel for cGMP (12) . In the same study, gel-overlay experiments indicated that Ca2+-calmodulin binds to the 240-kDa protein but not the 63-kDa protein; presumably, this binding allosterically leads to the change in affinity of the channel for cGMP (12) .
Most recently, the native rod cGMP-gated channel has been shown, contrary to previous belief, to be a heterooligomer composed of at least two subunit species (13) . Subunit 1 (or a) is the 63-kDa protein (9, 14) . Subunit 2 (or ,B) shows only about 30% overall amino acid identity to subunit 1. This second subunit is incapable of forming functional cGMPgated channels by itself, but when coassembled with subunit 1 it reproduces several characteristics of the native channel, such as flickery channel openings and a high sensitivity to the blocker L-cis-diltiazem (13) . Two alternatively spliced forms of subunit 2, named 2a and 2b, were identified, with their only difference being that 2b has a longer cytoplasmic N-terminal segment (13) . The molecular mass based on amino acid sequence is -70 kDa for protein 2a and -100 kDa for protein 2b. Thus, the native rod cGMP-gated channel complex on an SDS gel is expected to give, in addition to the 63-kDa band corresponding to subunit 1, a protein band of perhaps 70 or 100 kDa corresponding to subunit 2. However, as pointed out above, the only prominent bands in such a gel are at 63 and 240 kDa (7, 11 fetal calf serum. After incubation in an atmosphere containing 5% CO2 for [5] [6] hr. the medium was aspirated and the cells were washed in phosphate-buffered saline before fresh medium was added again. Incubation was then continued for [2] [3] Abbreviation: ROS, rod outer segment.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. attributed in bovine rods to the removal of the first 92 amino acids by post-translational cleavage (22) . Antibody JH486 stained both hRCNC2a and hRCNC2b, as expected. On the SDS gel, the expressed hRCNC2a has an apparent molecular mass close to the predicted 70 kDa. Subunit hRCNC2b, on the other hand, ran mainly as a doublet at 130-150 kDa. The reason for the doublet is unclear, but the higher apparent molecular mass compared with the predicted 102 kDa is probably due to the high content of glutamic residues at its N terminus (13) . In addition, the expressed hRCNC2b shows a band of still higher molecular mass that may represent dimer formation. The Western blot of HEK 293 cells transfected with the pCIS vector alone did not show any staining, confirming the specificity of the JH486 and PMc iDi antibodies.
Next, we looked for the presence of subunit 2 in the 240-kDa protein of the native channel. Human ROS membranes were prepared, and the rod cGMP-gated channel was immunoprecipitated with the PMc 1D1 antibody coupled to Sepharose 2B. Three protein samples were run on an SDS gel for Western blotting: total ROS membrane proteins, the fraction bound to PMc lDl-Sepharose, and the unbound fraction. As shown in Fig. 3 , the JH486 antibody specifically stained a 240-kDa band in both total ROS membranes and the PMc lDl-immunoprecipitated fraction. Another monoclonal antibody, PMc 2G11, which is against the bovine rod channel subunit 1 (22) , recognized the 63-kDa human homolog in both ROS membranes and the immunoprecipitated channel.
The above results suggest that the 240-kDa protein indeed contains the cGMP-gated channel subunit 2. Since the 240-kDa band binds Ca2+-calmodulin (12), a modulator shown by the experiment of Fig. 1 to act selectively through protein 2b, it seems quite likely that at least protein 2b must be part of the 240-kDa protein. On the other hand, the apparent molecular mass ofprotein 2b is considerably lower than 240 kDa, suggesting the presence of another component in the latter protein.
Microsequencing of Peptide Fragments from Bovine 240-kDa Protein. Conclusive evidence for the presence of subunit 2b in the 240-kDa protein came from microsequencing of the latter. Five peptide fragments were obtained by digesting the 240-kDa protein from bovine ROS membrane with CNBr, CNBr/Endoproteinase Lys-C, or kallikrein. Most of these peptides were purified by HPLC, but a 102-kDa fragment was purified by Ca2+-calmodulin affinity chromatography. These peptide fragments were subjected to microsequencing, and the amino acid sequences thus obtained were aligned with the amino acid sequence derived from the cDNA clone of the human rod channel subunit 2b (13) . There is 77% identity between these sequences and 2b in an overall span of about A. hRCNC1 HEK 293 cells were transfected with the indicated combinations of cDNAs or pCIS vector alone. Cells were harvested 3 days after transfection, and roughly equal amounts of total membrane protein from each dish were loaded into 9% polyacrylamide gels. After transferring onto nitrocellulose membranes, the blots were labeled with the two antibodies.
86 amino acids, with the remainder being mostly conservative changes and reflecting probablyjust species differences (Fig.  4) . Three peptide sequences (labeled 1-3 in Fig. 4) can be aligned to the N-terminal region of protein 2b, which is not present in protein 2a. Since sequence 1 was derived from the 102-kDa peptide fragment purified by Ca2+-calmodulin affinity chromatography described above, this suggests that protein 2b probably binds Ca2+-calmodulin.
In addition to the above five peptide fragments, other fragents with amino acid sequences completely different from the sequence of protein 2b have been obtained from digests of the 240-kDa protein (23) , confiming that the 240-kDa protein contains an additional component as suggested in the previous section.
DISCUSSION
The 240-kDa protein in retinal ROSs identified in cGMPgated channel purification studies was found to be tightly associated with the channel-forming 63-kDa protein, and it was originally suggested to be a cytoskeleton-like protein because ofits immunochemical cross-reactivity with spectrin (10, 11) . In the present study, however, we have found that subunit 2 or of the channel actually is part of the 240-kDa protein. This finding explains the puzzling observation by others that cGMP binds not only to the 63-kDa protein but also to the 240-kDa protein (ref. 24 ; see also ref. 25 ). The reason is that subunit 2 has a cyclic nucleotide-binding site just as subunit 1 does (13) .
Although protein 2b has a predicted molecular mass of 102 kDa, its apparent mass on SDS gels is between 130 and 150 kDa, presumably due to the high content ofglutamic residues at its N terminus (13 Results strongly suggests that 2b is actually the substrate for calmodulin binding, but this conclusion remains tentative until the relevant calmodulin-binding site is identified. Recently, a Ca2+-calmodulin modulation has also been observed for the cyclic nucleotide-gated channel mediating olfactory transduction (26) , though in this case the modulation appears to be through subunit 1 of the channel. An apparently direct modulation by Ca2+-calmodulin has been reported previously for several ion channels, though the underlying molecular mechanisms are so far unclear (27) . With a wealth of information about their structure and function, the cyclic nucleotide-gated channels may be useful for studying the calmodulin modulation more closely. -180
